Background Muscle dysfunction and sarcopenia have been associated with poor performance status, an increased mortality risk, and greater side effects in oncologic patients. However, little is known about how performance is affected by cancer therapy. We investigated muscle strength in breast cancer patients in different adjuvant treatment settings and also compared it with data from healthy individuals. Methods Breast cancer patients (N = 255) from two randomized controlled exercise trials, staged 0-III and aged 54.4 ± 9.4 years, were categorized into four groups according to their treatment status. In a cross-sectional design, muscle function was assessed bilaterally by isokinetic dynamometry (0°, 60°, 180°/s) as maximal voluntary isometric contraction (MVIC) and maximal isokinetic peak torque (MIPT) in shoulder rotators and knee flexors and extensors. Additionally, muscular fatigue index (FI%) and shoulder flexibility were evaluated. Healthy women (N = 26), aged 53.3 ± 9.8 years, were tested using the same method. Analysis of covariance was used to estimate the impact of different cancer treatments on skeletal muscle function with adjustment for various clinical and socio-demographic factors. Results Consistently, lower muscle strength was measured in shoulder and knee strength in patients after chemotherapy. On average, patients had up to 25% lower strength in lower extremities and 12-16% in upper extremities in MVIC and MIPT during cancer treatment compared with healthy women. No substantial difference between patient groups in shoulder strength, but significantly lower shoulder flexibility in patients with radical mastectomy was measured. Chemotherapytreated patients had consistently higher FI%. No serious adverse events were reported. Conclusions Breast cancer patients showed markedly impaired muscle strength and joint dysfunctions before and after anticancer treatment. The significant differences between patients and healthy individuals underline the need of exercise therapy as early as possible in order to prevent or counteract the loss of muscle function after curative surgery as well as the consequences of neo-/adjuvant chemotherapy.
Introduction
Cancer-related muscle dysfunction is a broad clinical challenge, which is not restricted to palliative or advanced stage patients as it has also been observed in newly diagnosed patients with low tumour burden. 1, 2 Many factors can affect skeletal muscle function including age, comorbidities, malnutrition, physical inactivity, tumour-derived factors, systemic and local cancer treatments, and supportive care medication. 3 Observational data indicate that physical activity can reduce breast cancer (BC)-specific mortality and overall mortality, 4 but the role of muscle strength during cancer treatment has been insufficiently investigated. A prospective cohort study, Health, Eating, Activity, and Lifestyle (HEAL) study revealed a high prevalence of sarcopenia and its association with a higher all-cause mortality hazard ratio of 2.86 in BC survivors. 1 Low muscle strength and physical inactivity can be a predictor for persistent fatigue in older, long-term BC survivors. 5 Breat cancer patients undergoing adjuvant chemotherapy (CT) reduce their daily energy expenditure during therapy, which is associated with a loss of muscle mass. 6, 7 Furthermore, it was shown that skeletal muscle status is of clinical relevance because it is associated with treatment complications and time-to-tumour progression. 8 With regard to healthy older individuals, muscle strength, but not mass, was identified as a strong independent predictor of all-cause mortality. 9 Based on the current knowledge of treatment-related side effects, it can be assumed that muscle function is affected by different cancer treatments. Exercise-induced adaptations and better muscular performance may attenuate cancer toxicities, which, in turn, could augment cure rate, improve the quality of life for cancer survivors, and maybe even increase long-term survival. [10] [11] [12] Currently, there is insufficient knowledge on influence of cancer treatment on muscle function and strength in patients undergoing BC treatment. 13 Since we recently reported that cardiorespiratory performance varies between patient groups defined by cancer treatment, 14 we would like to provide an overall picture of the performance status and the different impact of several types of cancer treatment among BC patients by analyzing various muscle strength parameters.
Methods

Population
For this cross-sectional analysis, baseline data of two randomized controlled exercise trials (RCTs) in BC patients were used, i.e. the BEATE study and the BEST study (ClinicalTrials. gov NCT01106820 and NCT01468766, respectively). [15] [16] [17] These two RCTs investigated the effects of 12-week progressive resistance training in comparison to relaxation training in BC patients undergoing adjuvant CT (BEATE study) or adjuvant radiotherapy (BEST study). Women with histologically confirmed stage 0-III primary BC after lumpectomy or mastectomy were eligible for the studies. Further, inclusion and exclusion criteria and more details of the RCTs are presented elsewhere. 15, 16 In a parallel intervention study (INVEST study) with identical surveys, 26 healthy age-matched control women participated in the same 12-week progressive resistance training protocol to obtain comparison data.
Both RCTs were conducted with parallel designs at the National Center for Tumor Diseases (NCT) in Heidelberg, Germany. The University of Heidelberg Ethics Committee has approved the trials, and written informed consent was obtained for all procedures from all participants. Based on the different clinically important treatment histories and the healthy subjects, five subgroups were defined: No CT, started (adjuvant) CT, post neo-adj. CT, post adj. CT, and healthy women. Patients recruited in the BEST study had the baseline strength testing within 14 days before starting radiotherapy. Of these participants, a majority had received surgery only (no CT, n = 105), while some had received CT in the adjuvant (post adj. CT, n = 28) or neo-adjuvant (post neo-adj. CT, n = 31) CT setting. Patients enrolled in the BEATE study (started CT, n = 91) performed baseline strength testing at the end of the first or second CT cycle (Figure 1 ). 
Medical and patient characteristics
Patient characteristics, treatment and disease modalities, further drug usage, and comorbidities were abstracted from medical records and personal interviews. Overall performance status was determined by the attending oncologist using the Eastern Cooperative Oncology Group (ECOG) performance score system at the time of enrollment. Weight and height were measured at baseline. Exercise behaviour in the year before BC diagnosis was assessed through selfdeveloped surveys abstracted from the International Physical Activity Questionnaire. Participants were asked about the type, frequency, and duration of exercise (e.g. experiences with resistance training, walking, cycling, and other intentional exercises). Furthermore, patient-reported outcomes like cancer-related physical fatigue, 18 quality of life, 19 and depression 20 were assessed by questionnaire.
Assessment of muscle function
Test system Isokinetic and isometric muscle strength were measured by using IsoMed 2000-system B-series version (D&R Ferstl GmbH, Hemau, Germany). The use of isokinetic dynamometer is considered a gold standard method to evaluate strength in cancer patients. 2 It has already been shown to be valid and reliable in healthy subjects 21 and has been used previously in various cancer populations. [22] [23] [24] Muscle function parameters Maximal isokinetic peak torque (MIPT) was tested for shoulder external and internal rotation and for knee extensors and flexors at the angular velocities of 60 and 180°/s. The range of motion (ROM) for isokinetic knee measurement was limited between the angles from 10°to 90°. The position of the dynamometer for shoulder rotation was tilted at 40°of abduction. The ROM for isokinetic testing was from 10°exter-nal rotation to 70°internal rotation. The MIPT for shoulder rotation was calculated for dominant side.
With this device, we also measured the maximal voluntary isometric contraction (MVIC) for shoulder internal rotator in the position of 43°and knee extensor muscles in the position of 35°(0°is straight leg), which sustainably were the strongest angle positions. For BC patients, we calculated MVIC on the operated and non-operated side. For healthy women, we calculated MVIC from the mean of left and right side.
Muscular fatigue was determined by the calculation of the peak torque decline at 60°/s in knee extensors of the dominant leg. Therefore, we used the muscular fatigue index: FI% = [(peak torque of initial three repetitionsÀpeak torque of final three repetitions)/peak torque of initial three repetitions] × 100, an adapted formula as described by Kannus 25 to define the ability of an individual to maintain a level of performance. A high FI% indicates that muscles fatigue quickly. The peak torque of the first repetition overall was markedly lower than that of the second repetition, and it was considered as a first 'attempt' for the patient; it was omitted from the calculation of the initial peak torque values.
Additionally, we measured the ROM in the arm elevation with a goniometer in a standardized supine lying position to elicit the flexibility limitations after surgery in both the operated and healthy sides.
Testing protocol Participants were secured using thigh, pelvic, and torso straps to minimize extraneous body movements. The subjects were permitted to use the handlebars on both sides of the IsoMed 2000 chair (D&R Ferstl GmbH, Hemau, Germany) for additional stability during leg testing, but not for shoulder testing. For the MVIC testing, the participants were instructed to push as hard as possible against the fixed lever arm. Contraction time for MVIC was restricted to 6 s for each position. Each subject performed 10 maximal reciprocal contractions in both angular velocities for MIPT. During testing, both the subject and the instructor were able to see the strength curve on the monitor. Subjects were given verbal encouragement to generate the highest possible strength. Each torque artefact resulting from deceleration, which often exceeds the true peak torque, was removed by using a filter; only gravity-corrected data were used for analysis.
Data analysis
Clinical and socio-demographic data were investigated by descriptive analyses for the entire study population. Data were also stratified by the four treatment subgroups and healthy controls. Between-group differences were assessed using χ 2 or Fisher's exact test for categorical variables and using one-way analysis of variance for continuous variables. Analyses of covariance (ANCOVA) models were used to test whether the muscle function parameters differed between the four cancer treatment groups and in comparison with healthy individuals. We calculated models adjusted for covariates that seemed biologically reasonable influencing factors. The included covariates are reported in Table 2 . Presented here are the parsimonious models including the significant covariates and those that changed the treatment estimate by >10%. Sensitivity analyses with different adjustment sets were performed to investigate the stability of the models.
The ROM in the shoulder of the operated side was adjusted for the operation type (radical mastectomy and partial mastectomy). All statistics were performed using SAS 9.3 (SAS Institute Inc. NC, USA). The level of significance was set at P < 0.05.
Results
Participant characteristics
Participant characteristics stratified by treatment groups are presented in Table 1 . All patients underwent surgical resection with mean (±SD) time-to-strength assessment of 65.2 ± 49 days. According to the different treatment settings, there were significant group differences in the timeframe between patients' surgery and the strength assessment (P < 0.001). The longest time period from surgery to muscle strength testing was 180.1 ± 50.5 days in the post adj. CT group. The shortest period was 45.5 ± 12.7 days in the no CT group. Muscle strength testing was 76.4 ± 48.2 days after CT in the post neo-adj. CT group and 27.6 ± 15.4 days in the post adj. CT group. The group with no CT was older (57.1 ± 8.7 years) than the group post neo-adj. CT (51.1 ± 9.3 years), started CT group (52.6 ± 9.9 years), and post adj. CT group (54.3 ± 7.9 years). Healthy controls had a mean age of 53.3 ± 9.8 years. There were no significant differences between the treatment groups in weight, height, body mass index (BMI), and in the ECOG status classified by the oncologists. Furthermore, no substantial differences in sport activity pre-diagnosis were observed between patient groups. The healthy controls had a higher level of moderate physical activity.
Maximal voluntary isometric contraction
The adjusted means and 95% confidence interval (CI) for knee extensors and internal rotators in the operated and nonoperated shoulder for MVIC are presented in Table 2 .
Concerning MVIC of knee extensors, the BC treatment groups had impairments of 9-14% in strength in comparison to healthy women, but these differences did not reach statistical significance. There were also no statistically significant differences between the BC patient groups in shoulder MVIC, neither for the operated nor for the non-operated side. However, healthy women had 12-16% higher MVIC in shoulder internal rotators, which is significantly different in comparison to the BC patient groups.
Maximal isokinetic peak torque Adjusted means and 95% CI of MIPT in knee and shoulder muscles in two speeds for the treatment groups and healthy women are reported in Table 3 .
Breast cancer patient groups had, on average, 5-20% decreased MIPT in knee extensors and a 7-25% decrease in knee flexors compared with healthy women measured with 60°/s (Figure 2 ). The most impaired groups were those with completed chemotherapies. Isokinetic shoulder internal rotator strength was significantly impaired in all cancer treatment groups when compared with healthy controls. Shoulder internal rotators of the dominant side were 12-16% weaker among the treatment groups in comparison with healthy controls, but within cancer patients, no between-group differences were found. There were no significant differences in shoulder MIPT between BC patients with regard to the operated side (data not shown).
In the ANCOVA model, the covariates that had a significant impact on the strength of lower extremities were cancer treatment, age, BMI, weight, drugs that influence muscle tonus and mood (antidepressants), previous experience in resistance training, and regular cycling (Tables 2 and 3 ). Other potential confounding factors like orthopaedic dysfunctions, cardiovascular restrictions, cancer-related physical fatigue (assessed by the Fatigue Assessment Questionnaire), ECOG, and tumour stage showed no significant impact on muscle strength and no confounding on the group effect.
Significant covariates in the model for strength of the operated shoulder were cancer treatment, age, weight, and previous experience in resistance training (Tables 2 and 3) . Operation type, number of dissected lymph nodes, preexisting injuries in shoulder/arm and time since BC surgery had no significant impact.
Muscular fatigue (FI%)
The greatest fatigue in muscular performance within 10 repetitions could be shown in the post adj. CT group, followed by the groups post neo-adj. CT, and no CT. All patient groups fatigued faster compared with the healthy individuals, except those patients in the started CT group (Figure 3 ).
Shoulder flexibility The ANCOVA model showed no significant association with the treatment groups. However, they indicated that the type of surgery and the length of time elapsed since BC surgery was independently influencing factors for shoulder flexibility. The operated side was, on average, 12% less flexible in patients with radical mastectomy compared with partial mastectomy. Furthermore, there was a significant difference in flexibility of the arm elevators in patients <6 weeks postsurgery (mean of 83°) and those who were tested 6-12 weeks post-surgery (mean of 90°). No significant differences were identified in patients who were tested >12 weeks postsurgery (mean of 95°) in comparison with those tested between 6 and 12 weeks post-surgery.
Discussion
The performed isokinetic and isometric tests were safe and feasible. No adverse events were observed; only sporadic muscle soreness was reported by a few patients. Overall, we observed that BC patients undergoing acute cancer treatment had remarkably impaired strength capacity in both isokinetic and isometric values as well as in muscular fatigue compared with healthy individuals. To our knowledge, this is the first study investigating isometric and isokinetic strength performance in different clinically important BC patient groups, which are at the beginning, or after neo-adjuvant or 
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Muscle strength in breast cancer patients adjuvant chemotherapy, or just after surgery. Therefore, our results provide new insights into muscle strength performance of BC patients from several perspectives. First of all, our findings are predominantly in line with other studies investigating strength performance in cancer patients showing that the muscle status of cancer patients is impaired after treatment. However, most published studies in the field assessed strength performance via handgrip 26 or handheld dynamometry, 27, 28 with functional tests 5 or by using the one repetition maximum method. 29, 30 There are also studies using isokinetic testing procedures, but these studies had low sample sizes, and focused on other research questions. 23, 31, 32 Regarding the reported performance differences between cancer patients and matched healthy controls, the studies mentioned earlier reported larger differences in strength performance than we observed in our studies. For example, we detected mean differences between 12 and 16% in MVIC for the internal shoulder rotators, whereas a study published by Harrington et al. 28 reported a 26% reduction in a comparable patient group. Lastly, differences with regard to strength testing procedures might be of importance. Handheld dynamometry is known to be a valid and reliable testing procedure, but relatively large measurement errors can occur based on an insufficient standardization of the testing position. 33 Computer-based stationary dynamometry with fixed and therefore highly standardized testing positions will therefore provide more accurate testing values. 25 One of the new insights of this study comes along with the isokinetic testing protocol. Because we included two different testing speeds in the protocol, we were able to draw conclusions in relation to muscle fibre activation. Research has shown that at lower angular velocities, muscle fibres I and II can be maximally activated, whereas with increasing speed, less slow twitch fibre (type I) will be recruited. 25 With regard to our findings, our results suggest that chemotherapy treatment does not have an impact on fibre activation because the isokinetic strength differences between the CT groups and the non-CT/started CT groups as well as the control group are comparable in both angular velocities.
New insights could be also reported with regard to the interaction of CT and fatigue resistance of skeletal muscles. We observed that patients having received CT (nearly all treated with anthracycline) had less strength and greater muscular fatigue compared with BC patients without CT or just at the beginning of CT. An explanation for these findings could be an inactivity-related shift of muscle fibres with a transition to more glycolytic phenotype and a CT-induced change in mitochondrial capacity of muscle cells. 3, 34 This is supported by the observation that CT caused severe reductions in myofibre size, neurogenic alterations, and mitochondria-related damages in mice as well as in humans. 2, 35 Furthermore, it is well known that BC patients reduce their physical activity level during the period of cancer treatment. 7 Moreover, our patients reported less activity in the year before. These circumstances potentially lead to a loss of muscle strength, which can be supported by our objective data. In general, individual strength performance in cancer patients may be influenced by various contextual factors. Some of those factors are independent from the cancer setting (e.g. age or motivation of the patient) and some not (e.g. locoregional and systemic therapies and cancer-related fatigue). 33 Receiving chemotherapy might be one of the most important factors as we already reported for cardiorespiratory fitness, 14 but the mechanisms and pathways of cancer treatment influences on muscle structure and function are not completely understood. It is supposed that CT causes oxidative stress to normal tissue and directly impacts skeletal muscles and fatigue. 34, 36 Other possible pathways could be up-regulating processes of muscle-specific enzymes (E3 ubiquitin ligase atrogin1/muscle atrophy F-box) through the proteasome pathway, the activation of caspase by oxidant-mediated apoptosis, and the formation of reactive oxygen species in muscle stimulating apoptosis in skeletal myocytes. 37 All the factors may result in an increased risk of sarcopenia, which has been already reported by others. 1, 8 Sarcopenia is an independent predictor of survival, which is closely related to patients' functional status and potentially to CT toxicity. 38, 39 In average, nearly all evaluated BC groups in our study had indications for sarcopenia because of impaired muscle strength and function, 40 and those who had received CT in their treatment history are at the highest risk. This might have important clinical implications due to the aforementioned associations with prognostic factors. 8, 38, 39 Furthermore, because abnormal loss of muscle strength is associated with loss of autonomy and quality of life, altered functional status, increase of fatigue, and falls, 41 the importance of adequate musculoskeletal status should be one of the most important goals during and after anticancer treatment.
This postulation is supported by RCT data suggesting that adding resistance training to standard CT may improve CT completion rate 11, 42 as well as BC outcomes. 12 Hereby, reduced systemic inflammation 43 modulate the insulin pathway, 44 favourably affect cell-mediated immunity, 45 and change steroid hormone levels 46 are discussed. Aside from reduced strength capacity, upper-body mobility restrictions represent a stressful physical limitation in patients undergoing BC surgery. 47 We measured a loss of shoulder mobility and decreased shoulder internal rotator strength, resulting in an impaired shoulder function, which may be a result of mastectomy. Impaired shoulder function has been reported in many BC survivors even several years after surgery. 48 A recent study by Harrington et al. 28 presented complex analyses using a score (with usage of questionnaires, multiple flexion movements, and MVIC with a handheld dynamometer) for disabilities in shoulder of BC survivors (N = 24) in a similar timeframe after surgery. This study Muscle strength in breast cancer patients Table 3 Maximal isokinetic peak torque in N × m in different treatment groups and healthy subjects reported significant differences in comparison to healthy controls. We can support the results of this small study, but caution needs to be utilized because different testing procedures were used. Interestingly, the time difference between surgery and testing, type of surgery and pain are considered to have no impact on shoulder strength; only flexibility, which was dependent on the type and time since surgery, was impaired. Our study has several strengths. We performed stationary isokinetic strength testing, which is the gold standard procedure for functional skeletal muscle assessment. Furthermore, we report data on a very large sample size (n = 255) of early stage BC patients in a well-defined and clinically relevant time frame. Moreover, we were able to assess many relevant cofactors and include them in adjusted regression models on strength performance in clinically relevant subgroups. Lastly, the current study is the first that reports information about muscular fatigue in relation to different treatment settings, and all patient data could be compared with an age-matched healthy control group.
This study did include some limitations. The sizes of the groups were unequal because the studies (BEST, BEATE, and INVEST) were not primarily designed for these comparisons. Figure 2 Adjusted means of maximal isokinetic peak torque at 60°/s of extension/flexion knee with 95% confidence intervals. *Significant differences to post neo-adj. chemotherapy (P = 0.037) and post adj. chemotherapy (P < 0.001); **Significant differences to no chemotherapy (P = 0.0023), post neo-adj. chemotherapy (P < 0.001), and post adj. chemotherapy (P < 0.001). Models adjusted for age, body mass index (17-<25, 25-30, >30 kg/m 2 ), weight, drugs that influence the muscle tonus, antidepressants, regular cycling, and previous experience in resistance training. Additionally, the cross-sectional design limits causal inferences. Furthermore, the healthy women were a convenience sample, and despite matching by age groups, differences need to be interpreted with caution. Nevertheless, the strength performance of our healthy participants was in line with comparably aged healthy women. 49 We also found significant age differences between the treatment groups showing a higher age in the non-CT group. The reason for that is uncertain but might represent the tendency of the treating physician to prescribe CT less frequently to elderly patients due to potential side effects and the fact that response rates vary greatly so that CT is not always beneficial. 50 However, the age differences were taken into account by adjusting all models for age. Lastly, due to organizational reasons it was not possible to perform a separate familiarization session on the stationary dynamometer. This may led to an underestimation of strength performance. However, the testing situation was standardized for all participants and therefore comparable for all groups. Furthermore, all participants had a short familiarization time at each testing position immediately before the assessment starts.
In conclusion, our study showed that isometric and isokinetic strength testing appears to be safe in a large cohort of BC patients. We reported about significantly impaired isometric and isokinetic strength capacity with higher muscular fatigue in low extremities and dysfunctions in shoulder mobility in our patients. Overall, receiving CT treatment seems to have the greatest impact on muscular strength.
Based on the findings in different BC subgroups, the prevention of muscle dysfunction should be an important goal during cancer treatment and underlines the importance for the implementation of resistance training regimens during cancer treatment to mitigate or reverse muscle dysfunction.
Furthermore, systematic resistance training after BC therapy should be considered to alter consequences of muscle dysfunction in cancer rehabilitation. To further understand the mechanisms of muscular dysfunction in cancer patients, there is a need for the assessment of cellular muscle structure and biomarkers combined with accurate (gold standard) strength testing procedures.
